The potential of mean force (PMF) approach for treating polyion-diffuse ionic cloud interactions [D. M. Soumpasis (1984) Proceedings of the National Academy of Sciences USA 81, 5116-51201 has been combined with the AMBER force field describing intramolecular interactions. The resultant generalized AMBER-PMF force field enables one to treat the conformational stabilities and structural transitions of charged biomolecules in aqueous electrolytes more realistically. For example, we have used it to calculate the relative stabilities of the B and Z conformations of d(C-G),, and the B and heteronomous (H) conformations of dA,, . dT,,, as a function of salt concentration. In the case of d(C-G),, the predicted B-Z, transition occurs a t 2.4M and is essentially driven by the phosphate-diffuse ionic cloud interactions alone as suggested by the results of earlier PMF calculations. The Z,, conformer is less stable than the B form under all conditions. It is found that the helical parameters of the refined B and Z structures change with salt concentration. For example, the helical rise of B-DNA increases about 10% and the twist angle decreases by the same amount above 1M NaC1.
INTRODUCTION
The molecular mechanics or force field approach is currently the most widespread, computationally feasible methodology for calculating the intrinsic energy of large biomolecular structures (see Refs. 1 and 2 for recent reviews).
Typical force fields for proteins and nucleic acid^^-^ in use today include terms describing the interaction of bonded atoms (bond stretching and bending, torsional contributions) and so-called nonbonded interactions between atoms not connected via 1-3 consecutive covalent bonds (core repulsion, attractive dispersion forces, Coulomb interactions, and hydrogen bonds). (1990) Using such a force field description, one can estimate the relative intrinsic energy E, of a given molecular conformation, for example, derived from x-ray analysis, or determine conformations that minimize this energy, at least in a local sense. In addition, using normal mode analysis or molecular dynamics one can calculate the vibrational free energy contribution arising from fluctuations of the structure around a minimal energy conformatiomg, lo Since the evaluation of translational and rotational free energies of the molecule as a whole is relatively straightforward, one can obtain the intrinsic free energy of a molecular conformation in the absence of solvent at the cost of some programming effort and sufficient computer time. However, it is clear that this free energy contribution alone does not suffice to describe the stability and structural transitions ' of biomolecular structures in solution, since in most, if not all, cases of interest the ubiquitous biomolecule-water and biomolecule-ion interactions present in solution are a t least as important as the intermolecular interactions accounted for in currently used force fields. This circumstance applies particularly to polyions such as DNA, which bears a large number of net charges (sugar-phosphate backbone) and electronegative base atoms. As judged from recent crystallographic studies, of the three major DNA conformations comprising the right-handed B-DNA,l' A-DNA,12 and left-handed Z-DNA,13* l4 the geometry of the DNA charged sites gives rise to the formation of well-defined, conformation-and sequence-dependent networks of water molecules,15 which presumably also exist in solution. In addition to this kind of short-range structural hydration, hydrophobic base interactions and long-range electrostatic coupling to both bulk water and the diffuse cloud of mobile salt ions surrounding a DNA polyanion in typical solution environments give rise to additional important contributions to the overall conformational free energy.
A quantitative and simultaneous treatment of all these solvent effects is not possible at present. However, the contribution arising from the coupling of the hydrated DNA charge distribution to bulk water and the diffuse cloud of mobile hydrated ions can be reasonably well estimated using the approach based on the potential of mean force (PMF).16-18 Thus, one can treat the influence of nonbinding ions, such as the alkali halides on DNA conformation. This formalism has been used successfully to describe the salt-induced B-Z16*17 and B-A17 transitions, and their dependence on counterion valence16 and counterion size.lg As discussed further below, using PMFs one can construct a new generation of substantially more realistic force fields according to which the effective interactions of charged sites in solution are represented by solvent averaged statistical PMFs. The range of applicability of force field calculations can be thereby expanded and the salt effects on biomolecular stability and structural transitions treated in a quantitative way. In addition, this approach has been used to study the harmonic dynamics of DNA oligomers in a wide range of ionic conditions. 36
THEORETICAL METHODOLOGY
In this work we use the well-known AMBER force field elaborated by Kollmann and colleague^,^^^ which has been updated and refined by one of us (E.V.K. (1) is that both the strength and the range of the electrostatic interactions of sites bearing net charge (i.e., the phosphates in the case of DNA in solution) are hopelessly overestimated, since they are modeled as if these charges were interacting quasi in vacuo. In reality, both the strength and the range of their interactions are greatly reduced through (a) dielectric screening provided by water, and (b) ionic screening by the statistical cloud of mobile ions surrounding the structure in solution. Explicit consideration of these screening effects is absolutely necessary since otherwise the force field approach cannot be applied to the analysis of DNA conformations in a meaningful way. For instance, in a molecular dynamics study3 using a force field similar to AMBER, the unscreened Coulomb repulsions of the phosphates were so strong that the calculated DNA double helix simply fell apart. Several groups using the AMBER program or similar force fields have tried to cope with the Coulomb problem using various heuristic recipes such as (a) simply setting the phosphate charges equal to zero,3 (b) placing neutralizing counterions (e.g., Na+) on the phosphates,21 (c) reducing the phosphate charges according to Manning's counterion condensation hypothesis,22.23 (d) assuming distance-dependent dielectric c~n s t a n t s ,~l -~~ and/or (e) simply ignoring Coulomb interactions beyond some arbitrary cutoff distance of the order 10 A.21,22 In these computational recipes, the electrostatic contribution remains totally independent of the prevailing environmental conditions such as salt concentration and temperature, and therefore salt-induced structural variations and transitions cannot be treated.
Here we treat the Coulomb problem within the statistical mechanical framework introduced by Soumpasis."-l' We retain all interactions present in the usual AMBER form of the intrinsic energy E , described by Eq. (l), but replace the electrostatic interactions for all atoms with a distance rZi larger than a given distance of closest approach u through effective interactions (PMF's) obtained from statistical mechanics. The contribution of these interactions to the total free energy balance, denoted F,, is approximated in the form where W,, is the anion-anion potential of mean force in a homogeneous electrolyte solution, considered here to be a fully dissociated aqueous 1: 1 electrolyte of specified composition and thermodynamic state; r,, is the separation of charged sites i and j in the conformation envisaged. A first-order model description of an aqueous ionic system is provided by the well-known restricted primitive model (RPM) picturing all hydrated ions as charged hard spheres of the same average diameter u and interacting in a dielectric continuum of bulk dielectric constant c, .
Adopting this model description, calculation of the statistical interaction Wll( r ) can be performed using approximations of varying accuracy, computational cost, and analytic character. In previous work on salt-induced DNA structural transitions both a semianalytic approximation16 and very accurate numerical PMFs obtained from solution of the hypernetted chain (HNC) integral equation17 have been used.
In view of the diversity of force field applications, which also include energy minimization, harmonic analysis, and molecular dynamics, it is more convenient to sacrifice some of the accuracy obtained using totally numeric approaches such as the HNC equation in favor of more analytic, computationally flexible PMFs such as those obtained through the so-called exponential mean spherical approximation (EXP-MSA).24,25 As discussed in the appendix, using this approximation for an 1 : 1 electrolyte, W,, can be decomposed into a hard-sphere contribution Wo and a charge dependent contribution We
where F is the reduced distance r/u, o is the effective counterion diameter or average distance of closest approach of an anion-cation pair, and go(?) is the essentially exact uncharged hardspheres pair correlation function obtained through Monte Carlo simulations,26 or a t lower densities, through the solution of the Percus-Yevick equation.27*28 The function h,(?) is a quantity obtained in the MSA treatment.29y30 More details are presented in the appendix.
Computational Implementation
As a first application, we use the formalism to calculate the stabilities and structural variations of 2-DNA, heteronomous DNA, and B-DNA as a function of monovalent salt (NaC1) concentration.
The starting dodecamer structures d(C-G), .
(C-G), used in the computations were generated from the fiber diffraction data for B-DNA31 and the two idealized left-handed crystallographic conformers 2,-and Z,,-DNA.32 Each DNA structure was optimized a t a bulk salt concentration of 0.3M using the B r e m e m~a n n~~ method (E. v. Kitzing, to be published) in order to obtain stable structures. We then refined the latter further by applying the AMBER-PMF force field (see below) at 12 different salt concentrations in the range of 0.01-5.OM. The helical parameters of the optimized structures were calculated from Cartesian coordinates using the methodology described in Ref.
34.
In the AMBER-PMF program, the nonelectrostatic interactions are treated within the framework of the standard AMBER force field.7 Electrostatic interactions are calculated in the following atom-dependent manner:
RESULTS AND DISCUSSION It is computationally convenient to represent all electrostatic terms by means of cubic splines of sufficient resolution (we use 300 intervals over a distance of 25 A). The advantage of this method lies in the fast and accurate calculation of the complicated functions and derivatives required in minimization algorithms, and for harmonic analysis and molecular dynamics. All calculations were performed on an IBM 3090-200 mainframe computer using the current set of AMBER parameters. The average CPU time for optimization of a structure at one salt concentration was about 70 min.
The EXP-MSA PMF
The full EXP-MSA PMF and the constituent electrostatic and hard-sphere contributions are shown in Figs. 1, 2(a), and 2(b), respectively, as functions of the separation T of the charges and the bulk salt concentration. In the calculations, it is convenient to use the dimensionless reduced ionic number density 6, which for a 1: P salt MX, (M, cation; X, monovalent anion) is given by 5 = 6.023 . io-*(p + q c U 3
where c is the molar salt concentration and u is in Angstroms. The temperature T in all calculations reported here is 300 K, the solvent dielectric constant is that of water (cw = 78.4), and the value of u for NaCl is u = 4.9 A as in previous At higher salt concentrations, the behavior of the EXP-MSA PMF is dominated by the manybodied hard-sphere effects, which together with the oscillatory charge-dependent terms [see Eqs. 
The B-Z Transition
The B-Z, and B-Z,, energy differences of the
, dodecamers calculated by means of our generalized AMBER-PMF force field are shown in Fig. 3 . In the case of the B and Z, conformations, we obtain a high salt right-to-left transition midpoint at 2.4M NaC1, in correspondence with experimental finding^^'.^^ and first quantitatively described considering just the phosphate-phosphate interactions within the PMF framework.'6, l7
The present calculations show that in the case of the B-Z I equilibrium of the canonical d(C-G), .
d(C-G), sequence, the contribution of nonelectrostatic intramolecular interactions is relatively unimportant. The transition is driven primarily by solvent-averaged phosphate-phosphate interactions, the basis for the success of the PMF treatment considering only phosphate-phosphate interactions. That is, although the other energy contributions are much larger than the PMF parts in each conformation, they cancel when one builds energy differences, the quantities of relevance for conformational equilibria. This feature is evident from inspection of Table I , in which the primary salt dependence enters via the PMF terms in the electrostatic contribution. The same behavior is also observed even when one includes the vibrational free energy contributions in addition to the energies discussed here. -1082.
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-1080. yield a right-to-left transition, whereas judging from the PMF contribution alone a transition should occur at 0.2M. 17 However, for salt concentrations lower than 1.2M, we predict that the Z,, structure is energetically more favorable than the Z, structure. This seems to be in agreement with experimental data suggesting that the low salt conditions favor Z,, relative to Z,.37738
Variation of the B and Z Structures Due to Salt
Some helical parameters of the optimized B and Z structures are compiled in Table 11 . It is found that all these structures display systematic structural variations as a function of the salt concentration. In Fig. 5 we depict the dependence of the helical twist angle and helical rise on NaCl concentration for the B, Z,, and Z,, conformations of tracts of (dA . dT), with 2 I n I 9 in phase with the helical repeat have been shown to cause curvature of the helix axis (see Refs. 34 and 39 for reviews). I t is widely assumed that such behavior is due to the propensity of this sequence to adopt right-handed conformations different from the classical B form. 40 An example is the heteronomous DNA (H-DNA) form with the sugar pucker C3'-endo for the dA strand and CB'-enda for the d T strand proposed by Arnott et aL4" for conditions of low humidity. Vibrational spectroscopy 41 provides evidence for such a mixed sugar pucker. At high humidities, x-ray fiber diffraction data suggest that the structure of poly(dA) . poly(dT) is only slightly heteronomous with each chain in a B-type c~nformation,~~~"? in agreement with nmr data.44845 Recently two crystal structures have been resolved having longer dA with both backbones adopting a C2'-endo sugar pucker. However, Raman scattering indicates that even under conditions of high humidity a certain percentage of riboses of the dA strand has a C3'-endo sugar Imm unological data also suggest that the dA strand has a conformation different from that of the B form."
According to our calculations, the H form is found to be energetically more favorable than the B form and i t s relative stability increases with salt concentration (Table IV and Fig. 7) . The lower energy of the H form (relative to B) found here may simply be due to the fact that our treatment does not include the free energy contribution of the water spine," which should considerably stabilize the B form of dA . dT stretches relative to other conformations. However, this contribution, as well as that from vibrational entropy, is essentially salt independent. Thus, in Fig. 7 , addition of the hydration and vibrational entropy terms would simply shift the curve upward by a constant ture is in fairly good agreement with the dA blocks amount, implying that salt-induced B-H transiin the recently resolved crystal ~t r u c t u r e s .~~*~~ The tions might occur.
bifurcated hydrogen bonds resolved in the latter
The propeller twist of the optimized B form are also observed in our optimized B form. The [ Fig. 3(a) ] is large (22"). The wedge roll anglea greatest difference with respect to the crystalloequals zero, the wedge tilt angle is -4 O , and the graphic data is the large twist angle of 42" (see base pairs open toward the dAs by 4'. This struc- Table 11 ) compared to 36" found e~perimentally.~~ C2'-endo 168.1 -66.5 -173.1 55.1 158.4 179.5 -123.0 251.8 -25 The tendency to generate larger twist angles seems to be a general problem of the AMBER force field, a t least for dA, . dT, sequences. Optimization of the dA,, . dT,, structures after introducing nmr hydrogen distance constraints leads to a structure similar to the optimized B form, that is, with a helical twist angle of 39". 45 The optimized H-DNA structure of dA,, * dT,, [see Fig. 3(b) ] has a helical rise and twist angle per base pair of 3.3 A and 36", respectively. The sugar pucker of the dA strand is C2'-exo with a pseudorotation angle of -lo and thus very close to C3'-endo. The propeller twist is 22" and the wedge roll angle is -5". Thus, two adjacent base pairs close toward the minor groove; their base-pair planes make an angle of 5". The wedge tilt angle is -2", that is, the planes of two adjacent base pairs open by 2" toward the dA strand. This optimized H-DNA deviates from the crystal structure mainly in the sugar pucker of the dA strand and the negative wedge roll angle, but is in agreement with recent Raman data.4a 
CONCLUDING REMARKS
The AMBER force field, up to now restricted to calculations of internal macromolecular energies, has been extended through inclusion of PMF terms to treat solvent-mediated Coulomb interactions. The resultant AMBER-PMF force field enables one to treat structural stabilities and conformational equilibria of charged biomolecules under realistic conditions with respect to supporting electrolyte effects. In addition, it permits the refinement of structures in varying ionic environments. These features are absent from treatments using distance-dependent dielectric constants and charges effectively reduced according to the condensation hypothesis or compensating (bound) counterions, i.e., the recipes introduced solely for the sake of computational convenience in the standard AMBER and similar force fields. The latter do not derive from a rigorous formulation of the problem of electrostatic interactions in a molecule such as DNA immersed in an aqueous electrolyte. In contrast, as discussed e l~e w h e r e , '~.~~ the PMF approach is based on a set of consistent approximations. Recent work" shows that it yields excellent results not only in the high but also in the low salt regime (0.05-0.5M NaCI), E n contrast to traditional approaches for estimating polyionic contributions to DNA structural stability and transitions such as the Manning counterion condensation hypothesis and the Poisson-Boltzmann equation.
As seen from the example of the B-Z, transition of d(C-G), helices (Refs. 16-18 and this work), the PMF contribution alone can describe salt-induced structural transitions provided that the intramolecular energy terms do not come into play due to cancellations. However, we do not expect this to be true in general. For example, in the case of saltinduced B-A transitions we observe a sequence dependence that necessitates the generalized approach presented in this paper (R. Klement, D. M. Soumpasis, and T. M. Jovin, manuscript in preparation). More generally, the influence of sequence, structural hydration, specific ion binding, and chemical modifications will have to be considered in more advanced future versions of the theory.
The generalization of the AMBER force field discussed in this paper permits simultaneous consideration of both intramolecular and ion-mediated charge interactions €or arbitrary conformations and varying ionic environments. Thus, a more realistic conformational analysis of charged biomolecules, for which an adequate treatment of solvent-weraged electrostatic interactions is of par,mount IDportance, becomes possible. In addition, one ran use the PMF approach to calculate the ionic distri- The PMF above describes the effective interaction of two hydrated ions at a distance r when all others are statistically averaged, or equivalently (up to a distance-independent term), the Helmholtz free energy of the system consisting of the two fixed ions with the rest of the ions freely mobile.
The EXP-MSA treatment24*25 of a RPM electrolyte approximates the PMFs in the form ~i1153)). 
